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INVITED CONTRIBUTION
Summary: Symposium on the Organization of Membrane
Polarity in Epithelial Cells
Editor's Note:
The International Society of Nephrology is currently sponsoring a series entitled "Forefronts in Nephrology" under the direction of Professor G.
Giebisch. On July 2—6, 1989, a symposium on the Organization of Membrane Polarity in Epithelial Cells was held at the Kurhaus Hotel (Arolla,
Switzerland) and was chaired by B. C. Rossier, Lausanne, Switzerland. The following is a summary of the Symposium prepared by Dr. Rossier.
The Third Forefronts in Nephrology Symposium was held on
July 2—6, 1989 on the topic of epithelial polarity. Over 120
participants from America, Europe and Japan came to Arolla to
hear 28 invited speakers discuss state-of-the-art concepts in the
field and to participate in sessions where over 70 posters were
presented. The main topics discussed during the symposium
included: i) the role of extra- and intracellular matrices in
epithelial cell differentiation, ii) the biogenesis, sorting and
addressing of plasma membrane proteins, iii) the structure-
function relationship of transport proteins, iv) the housekeeping
and regulated functions of epithelia.
Role of extra- and intracellular matrices
P. Ekblom (TUbingen, FRG) presented evidence that mor-
phogenesis of renal epithelia, that is, the conversion of kidney
mesenchyme into a polarized epithelium can be in part con-
trolled by differential expression of laminin chains, one of the
components of the basement membrane. Many different laminin
isoforms have been described. The isoform synthesized by
developing kidney epithelia is a multidomain glycoprotein com-
posed of three subunits termed A, B1 and B2, each encoded by
different genes. One specific binding site for epithelial cells is
found in the C-terminus of the A chain. Antibodies raised
against this binding site of the molecule inhibit epithelial polar-
ization in organ culture of embryonic kidney. By contrast,
antibodies directed against other components of the extracellu-
lar matrix (fibronectin) or against cell adhesion molecules
(CAM) were inactive. The role of CAMs is to mediate adhesion
between cells, to seal their lateral borders, and thereby stabilize
the conversion induced by laminin A chain.
B. Cunningham (New York, USA) described the structure,
properties and expression of two families of CAMs, the neural
cell adhesion molecules (N-CAMs) and the liver or epithelial
type (L-CAMs). N-CAM is unique among glycoproteins in that
it contains large amounts of covalently bound polysialic acid
which appears to be specifically down-regulated during early
development. By contrast, L-CAM, expressed in most epithe-
ha, does not contain polysialic acid. L-CAMs are expressed on
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the earliest embryonic cells. CAMs mediate cell-cell interaction
by homophilic mechanisms. In accord with this notion, when
cells that normally do not express N-CAM or L-CAM are
transfected with cDNAs coding a single CAM, they bind only to
other cells expressing the same CAM. Interestingly, transfected
cells not only adhere by homophihic interactions but undergo
changes in morphology and express an increased number of cell
junctions. L-CAMs might therefore not be essential for mesen-
chyme conversion into epithelium, but they might control
morphogenesis and histogenesis of the kidney.
The terminal differentiation of epithelial cells is the formation
of the apical border and the junctional complex. In the small
intestine and in the proximal tubule of the kidney, the differen-
tiation includes the formation of the apical brush border. In this
respect, villin is a protein of special interest: it is one of the
actin-binding proteins found in the brush border of the small
intestine and of the proximal tubule.
D. Louvard (Paris, France) demonstrated that fibroblasts
(which do not express endogenous vihlin) stably transfected
with a cDNA coding for human villin, drastically changed the
morphology of their plasma membrane; microvilli developed on
the transfected fibroblasts' dorsal surface (exposed to the
culture medium) and, strikingly, actin was recruited to build up
a bona fide microvilli. Thus, vilhin appears to play a key role in
brush border assembly during terminal epithelial differentiation.
The restriction of membrane proteins to the apical or the
basolateral border involves interactions of the proteins with
cytoskeletal elements.
E. Shore (Philadelphia, USA) showed that cell-cell contacts
in MDCK cells (a continuous cell line established from canine
kidney) induce the formation and the assembly of large com-
plexes involving NaK-ATPase, a membrane protein, with an-
hydrin and fodrin, components of the cytoskeleton. L-CAM (or
uvomorulin) could play an important role in triggering the
assembly process.
The maintenance of epithelial polarity is also critically depen-
dent on autocrine and exocrine factors.
L. Reid (Bronx, USA) demonstrated that extracellular matrix
components and hormones can cause primary hepatocyte cul-
tures or hepatoma cell lines to enter a state of growth or
quiescence mimicking the retention and the expression of
differentiated functions observed in vivo.
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Biogenesis, sorting and addressing of plasma membrane
proteins
M. Spiess (Base!, Switzerland) discussed two topogenic
sequences involved in the insertion of membrane proteins into
the endoplasmic reticulum (ER). i) signal sequences required
for targeting membrane proteins to ER and ii) stop-transfer
sequences which halt the further translocation of the polypep-
tide chain across the ER membrane. Multispanning (or poly-
topic membrane proteins) are postulated to achieve their final
insertion into ER membranes by a succession of alternating
internal signal and stop-transfer sequences. This hypothesis
was experimentally tested by engineering artificial proteins
containing an increasing number of internal signal-anchor se-
quences of the asialoglycoprotein receptor. Indeed these novel
proteins inserted into ER membranes as expected, that is as
multispanning membrane proteins.
Most of the plasma membrane proteins are homo- or hetero-
multimeric proteins. Oligomenzation and assembly of subunits
into a functionally mature protein might require specific pro-
cesses. For instance, the minimal functional unit for Na,K-
ATPase is an a//3 heterodimer oligomer. The role of the /3
subunit for assembly and oligomerization of a functional pump
was discussed by D. Fambrough (Baltimore, USA).
Sodium pump function can be studied by expressing cDNAs
encoding a or /3 subunits of Na,K-ATPase from an ouabain-
sensitive species (that is, chicken) in rodent cells that express
an endogenous ouabain-resistant pump. Using this approach, it
is possible to demonstrate that the ouabain sensitivity of the a//3
complex is conferred by the a subunit while the level of sodium
pump function could be determined, a least in part by the ratio
of a to /3 subunit biosynthesis, suggesting a role for the /3
subunit in the assembly and/or transport of newly synthesized
pumps from ER to the plasma membrane. In other words, the /3
subunit could be one of the rate limiting steps in the oligomer-
ization of functional enzymes.
The polarized distribution of plasma membrane proteins in
epithelial cells requires a sorting event which may occur either
intracellularly (presumably in the trans-Golgi network) or at the
cell surface.
M. Caplan (New Haven, USA) presented evidence for intra-
cellular sorting of the Na,K-ATPase a subunit before its inser-
tion into the baso!ateral membrane. Chimera molecules made of
Na,K-ATPase (a basolateral restricted protein) and H,K-
ATPase (an apical protein) should help to define the proper
signals in the future.
The nature of the sorting and addressing signals to the proper
membrane domain was discussed by E. Rodnguez-Boulan
(New York, USA). He presented evidence for one possible
mechanism for apical proteins which are glypiated, a specific
post-translational modification which links a glycosyiphospho-
inositol moiety to the peptide backbone. The glycolipid anchor
acts as an apical targeting signal in epithelia of different origins
(intestine, kidney). Since only a relatively minor fraction of
apical protein undergoes glypiation, it is likely that different
mechanisms have to be postulated for the bulk of apical protein.
Structure-function relationship of transport proteins
In the last five years, major advances have been made in our
understanding of the structure and the function of transport
proteins.
E. Wright (Los Angeles, USA) described the molecular
cloning and expression of the Na-coupled glucose transporter
from intestine and kidney. The ion and substrate specificity,
phlorizin sensitivity and kinetics of the cotransporter encoded
by a single species of mRNA (a cRNA) expressed in Xenopus
laevis oocytes or in COS cells were virtually identical to those
of the physiological transporter physiologically expressed in
brush border vesicles. Voltage-clamp experiments indicated
that the Na-glucose cotransporter is electrogenic. The investi-
gation of the currents associated with its operation can yield
valuable insight (not obtainable by conventional approaches)
into the molecular mechanisms of solute translocation across
the plasma membrane. This mechanism can be addressed by
studying the kinetic properties of cloned wild-type cotrans-
porter and selected mutants.
B. Thorrens (Cambridge, USA) described the tissue-specific
expression and function of the Na-independent glucose trans-
porter. A novel liver form of transporter was described. It is
characterized by its tissue specific distribution: the blood-facing
membrane of hepatocytes, intestinal and kidney cells, it is also
found on a restricted domain of the plasma membrane of
pancreatic islet /3 cells. In contrast to the other glucose trans-
porter found in brain and erythrocyte, the liver form has a low
affinity for glucose (Km 25 to 20 m instead of 1 to 2 m for the
brain/erythrocyte transporter). The low-affinity glucose trans-
porter is thus ideally suited to play the role of a glucose sensor
in the insulin-secreting /3 cells. Interestingly, insulinomas lose
their ability to express the low affinity transporter but switch to
the expression of the high affinity type.
0. Pongs (Bochum, FRG) described the cloning and expres-
sion of the voltage-sensitive K channel of invertebrates and
vertebrates. A large variety of K channels were observed. They
differ in their electrophysiological and pharmacological proper-
ties. Potassium channels which mediate outward K currents in
response to membrane polarization differ most notably in their
voltage sensitivity, their opening and closing kinetics as well as
their recovery time from activation; finally their sensitivity to
drugs such as dendrotoxin or mast cell degranulating peptide is
strikingly different. Some of these channels exhibit properties
similar to those of the non-inactivating delayed rectified channel
found in most excitable tissue. Others have properties of
transient A-type channels which inactivate rapidly after open-
ing upon depolarization. Remarkable structure-function rela-
tionships can be deduced from comparison of the deduced
primary sequences. A great deal of channel heterogeneity can
be accounted for by alternate splicing mechanisms.
By contrast, little is known about the structure of non-
neuronal K channels found in nonexcitable tissues such as the
kidney.
S. Nakanishi (Kyoto, Japan) described the isolation of a
functional cDNA (isolated from a rat kidney cDNA library)
responsible for the induction of an outward K current when
expressed in the X. laevis oocyte. The deduced amino acid
sequence consists of 130 amino acids with a single putative
membrane-spanning domain. This protein termed Isk directly
or indirectly induces a selective permeation of K ions across the
oocyte plasma membrane. The Isk mRNA is expresed in kidney
and submandibular glands. By immunocytochemistry the pro-
tein is restricted to the apical membrane of proximal tubule cells
and to the submandibular duct cells. Nakanishi proposed that
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this novel protein is involved in K permeation across the apical
membranes of those cells.
R. Kopito (Stanford, USA) described an epithelial anion
exchanger homologous to the erythrocyte band 3 protein.
Interestingly, these two proteins are homologous at their C-
terminal ends. The data indicate that the C-terminal domain
alone is both necessary and sufficient to mediate the proper
Cl/HC03 anion exchange and the expected change in intra-
cellular pH. The novel band 3 related protein is restricted to the
basolateral membrane of a subpopulation of gastric gland cells,
composed exclusively of oxyntic cells. Likewise, only the
basolateral membranes of choroid plexus epithelial cells (sites
of cerebrospinal fluid production) were stained by the specific
antibody; cDNAs encoding this protein have been expressed in
mammalian cells.
S. Gluck (St. Louis, USA) described the structure and the
function of the vacuolar and plasma membrane proton pump. In
selected kidney tubular epithelia, vacuolar proton pumps are
present in high concentrations in the plasma membrane. Their
polarized distribution is responsible for transepithelial proton
transport. Some evidence for the existence of isoforms of the
proton pump was presented. They may contain unique struc-
tural features responsible for differences in targeting and regu-
lation.
M. Gottesman (Bethesda, USA) discussed many new aspects
of the multidrug transporter which confers resistance to cyto-
toxic drugs such as vincristine and daunomycin. The resistance
is due to the expression of a 170 kd multidrug efflux ATPase,
also known as P glycoprotein. The protein is encoded by the
MDR-l gene, a member of a gene family which also comprises
the cystic fibrosis gene. The primary sequence of MDR-l eDNA
predicts a protein of 1280 amino acids, consisting of two
homologous halves with six transmembrane domains and an
ATP binding site in each. Two lines of evidence were provided
for demonstrating the pump activity of the MDR- 1 gene prod.
uct. First, vesicles prepared from multidrug resistant cell lines
do contain the P glycoprotein and accumulate cytotoxic drugs
in an ATP dependent manner. Second, after transfection of
MDCK cells with a MDR-l-virus, the epithelial cells express a
greater amount of P glycoprotein and transport significantly
more drug than the wild type.
D. Benos (Birmingham, USA) reported on a novel and
elegant strategy to purify an epithelial chloride channel, and
Michael Welsh (Iowa City, USA) described the regulation of
the chloride channel in normal and cystic fibrosis airway
epithelia. Welsh indicated that phosphokinase A (PKA) and C
(PKC) (at low Ca concentration) phosphorylate the chloride
channel or an associated regulatory protein, causing the chan-
nel to open. The failure of cystic fibrosis chloride channels to
open suggested a defect either on the channel itself or on the
associated protein. It appears that channel inactivation may
involve phosphorylation by PKC (at high Ca + concentration)
at a second site on the channel. This inactivation site is
presumably normal in cystic fibrosis patients.
Housekeeping and regulated functions of epithelia
The issue of rapid cell volume regulation in epithelial cells
was addressed by H. Sackin (New York, USA). Sackin de-
scribed the presence of a stretch-activated K channel local-
ized in the apical and basolateral membrane of the renal
proximal tubule, a major site for Na-substrate cotransport.
High concentrations of co-transported organic substrate (sug-
ars, amino acids) in the ealy part of the proximal tubule would
be expected to increase both transepithelial sodium reabsorp-
tion and cellular uptake of K via the sodium pump, leading to
significant cell swelling. An increased exit of K from the cell via
the observed stretch-activated K channel is postulated in order
to rapidly achieve cell volume homeostasis.
In the very distal part of the renal tubule (that is, in the renal
medulla and papillary duct), the epithelia accommodate to
elevated external osmolarity by accumulating large amounts of
compatible organic osmolyte including sorbitol, which is syn-
thesized from glucose in a reaction catalyzed by aldose reduc-
tase. M. Burg (Bethesda, USA) described the molecular cloning
and gene expression of aldose reductase in a continuous cell
line derived from rabbit renal inner medula and in vivo. The
results clearly indicate that the principal determinants of osmo-
regulatory accumulation of sorbitol by renal medullary cells (in
situ and in culture) are slow changes in aldose reductase mRNA
and protein level, resulting in the expected change in sorbitol
synthesis, and rapid changes in sorbitol permeability mediated
by a yet undefined transporter.
If the intracellular ionic homeostasis is to be preserved, the
changes of the transport properties of the apical and basolateral
membranes of a sodium transporting epithelium must be finely
coordinated and matched. In the cortical collecting tubule, a
long term treatment by mineralocorticoid hormones leads to a
parallel increase in the apical sodium conductance and the
basolateral K conductance. J. D. Horisberger (Lausanne, Swit-
zerland) investigated the short term (1 hr to 6 hr) effect of
aldosterone in a cell line derived from the toad urinary bladder.
His data indicate that, in a tight epithelium, aldosterone in-
creases both apical and basolateral conductance simulta-
neously.
The early change in apical sodium conductance induced by
aldosterone was further discussed by L. Palmer (New York,
USA and Lausanne, Switzerland) and by H. Garty (Rehovot,
Israel). Expression studies of size-selected poly(A)(+) RNA
from A6 cells (from X. laevis kidney) permitted a detailed
examination of the electrophysiological properties of the epi-
thelial, amiloride-sensitive sodium channel. The amiloride-sen-
sitive pathway induced by the injected mRNA had most (if not
all) of the expected characteristics of that described in renal
cells. Treatment of polarized A6 cell monolayers with aldoste-
rone increased sodium transport but did not increase the ability
of mRNA isolated from those cells to induce channel activity in
oocytes. The data suggest a post-translational control of chan-
nel expression at the apical border of A6 cells. Well in line with
this concept, Garty described experiments with membrane
vesicles prepared from toad urinary bladder. Inclusion of a
nonhydrolyzable analog of GTP in the vesicles increased the
amiloride-sensitive Na permeability, suggesting that a G protein
might directly regulate sodium channel activity in the apical
membrane. The role of apical membrane G1 protein and phos-
phorylase A was further extended by the studies presented by
D. Ausiello (Boston, USA). His data suggest that G, regulation
of sodium channel activity is mediated through the activation of
a membrane-bound phospholipase A. Cells transfected with
inducible promoter construct, coding for the a subunits of G1
protein, demonstrated a strikingly asymmetric distribution of
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a-3 subunit in the apical membrane and of a1-2 subunit in the
basolateral membrane. The predicted polarized distribution of
specific G1 protein strongly suggests a specific role in regulating
the sodium channel activity in the apical membrane. Patch
clamp studies provided evidence that a purified ar3 subunit
could reactivate sodium channel activity in cells in which
pertussis toxin had been used to block the sodium channel
activity.
The regulation of sodium and potassium channels in taste
receptor cells raises a multitude of interesting questions which
were addressed by B. Lindemann (Homburg, FRG). He studied
the transducer channels of salt taste using patch clamp meth-
ods. Lindemann indicated that an electrogenic salt-detecting
transport system is observed in frog taste cells. It shares some
properties of the "classical" epithelial, amiloride-sensitive so-
dium channel. However, its sensitivity to amiloride analogs, its
ion selectivity and different unit conductance suggests the
likelihood that this novel channel belongs to a family of amilo-
ride-blockable channels.
Finally, the regulation of water channels by vasopressin was
discussed by D. Brown (Boston, USA) and H. W. Harris
(Boston, USA).
Cycling of water channels between endosomes and the apical
membrane of principal cells is thought to mediate the hydroos-
motic response to vasopressin. In the absence of hormonal
stimulation (that is, in the Brattleboro rat) both the intrinsic
water permeability and the rate of membrane recycling are
limited, while the infusion of vasopressin augments the entire
process, according to Brown. This effect was specific and
strictly limited to the principal cells of the collecting tubule. The
intercalated cells had higher rates of endocytosis in the unstim-
ulated state, but did not respond to vasopressin. Further studies
are needed to distinguish between the effects of vasopressin on
the intrinsic water permeability and the rate of membrane
recycling.
Harris indicated that morphologic studies have demonstrated
the fusion of intracellular vesicles (so called aggregophores)
with the apical membrane following stimulation of the toad
urinary bladder with vasopressin.
The aggregophores contain particle aggregates which are
believed to be proteins, components of the putative water
channel. Surface membrane iodination has identified two inte-
gral membrane proteins (Mr = 17 and 55 kD) in the aggrego-
phore. Peptide mapping and immunohisochemical studies indi-
cate that the 17 kD protein is a fragment of the 55 kD protein.
Antibodies raised against this protein should allow its molecular
characterization and functional expression.
Conclusion
A first Arolla Conference on Cell Polarity was held in 1982.
For those who attended the two meetings, it was clear that
major advances in this field have been made. In 1982, the
structures of the major transport proteins, the proteins of the
extracellular matrix and the cytoskeleton had not yet been
elucidated. In less than ten years, a wealth of structural and
functional information on these proteins has started to accumu-
late. Methods are available to begin to study structure-function
relationships. A major difficulty with transport proteins will
remain to get a three dimensional structure at reasonably good
resolution. But the stage for the play is set. We know already a
good deal about the name, the size, the behavior of the actors.
Clearly, the director (and his assistants) of the play remains
unknown. Defining the mechanisms by which such a play is so
beautifully coordinated will remain the main task for the next
ten years. I bet that some clues about the identity of our
"epithelial director" will appear very soon. The next Arolla
Symposium will be ready to prepare the scene.
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